The Rashba-Edelstein effect (REE), which characterizes the generation of a transverse spin polarization at interfaces with a longitudinal external electrical field, provides new opportunities to the efficient spin current generation and the manipulation of spin orbit torques (SOTs) in magnetic hetero-structures. Here in this work, we report an exceptionally large interfacial charge-to-spin conversion efficiency (i.e. the inverse Edelstein length IEE of a few nanometers) in epitaxial (epi-) Pt/Co bilayers from a REE-induced magnetoresistance analysis using a new drift-diffusion model that incorporates both REE and bulk spin Hall effect. From the spin torque ferromagnetic resonance analysis, a tenfold enhancement in the field-like (FL) SOT efficiency is demonstrated compared to polycrystalline samples, showing quantitative consistency with the large IEE . Additionally, a twofold increase in the damping-like (DL) SOT efficiency is observed in epi-samples, with Pt films having lower resistivity. Our study demonstrates that both DL-and FL-SOTs can be significantly modulated by the Rashba SO coupling with heterointerface modification, providing new perspectives to the engineering of SOTs in spintronic devices.
The generation of a transverse spin current from a longitudinal charge current by taking advantage of the giant spin Hall effect (SHE) [1] [2] [3] in materials with strong spin orbit coupling (SOC) facilitates the manipulation of local magnetizations via electrical means. 4 Sufficiently large spin orbit torques (SOTs) derived from the SHE are key to realizing energy-efficient applications such as magnetization switching 4, 5 and fast domain wall motion. 6, 7 The giant SHE in heavy metals originates from their predicted large spin Hall conductivity through first-principle calculations, 8, 9 and allows the transfer of spin angular momentum to neighboring magnetizations in spinorbit/ferromagnetic (SO/FM) bilayers, enabling phenomena such as the spin-torque ferromagnetic resonance (ST-FMR) 10 and spin Hall magnetoresistance (SMR). 11 While the SHE converts charge current to spin current within the bulk of the SO materials, the Rashba-Edelstein effect (REE) 12, 13 realizes it in reduced dimensions, that is, at interfaces. In particular, the REE describes a lift of the spin degeneracy at interfaces due to the structural inversion asymmetry, 12 and consequently contributing to the generation of nonzero interfacial spin accumulation induced by the SO interactions with an external charge current. 13 Recently, the inverse REE has been experimentally demonstrated by means of spin pumping in 2-dimentional electron systems (2DES) of metallic hetero-structures 14 and gate-controllable 15 oxide interfaces. 16, 17 Although the mechanism of REE is intrinsically different from that of SHE, the ultimate goal of these two effects, i.e. to exert SOTs on the neighboring ferromagnetic (FM) layer via spin angular momentum transfer, appears to be quite similar. In terms of physical interpretation, the origin of the SOTs can be understood by the Laudau-Lifshitz-Gilbert equation for the SOT- where is the gyromagnetic ratio, ⃑⃑ is the magnetic moment vector, ⃑ ⃑ eff is the effective magnetic field that contains external and demagnetization field, is the effective damping constant, c is the applied charge current density in Pt, e is the electron charge, 0 s and F are the saturation magnetization and thickness of the ferromagnetic material, respectively, is the unit vector which is perpendicular to both current flow and thin film normal, DL(FL) is the damping-like (field-like) SOT efficiency, respectively, and ⃑ ⃑ rf is the current-induced Oersted field. Based on the above equation, the DL-and FL-SOT vectors are orthogonal to each other.
In recent years, intense efforts have been made to quantitatively determine DL , partly owing to practical implications of DL-SOTs on deterministic magnetic switching. 4, 5, 18, 19 Generally, the DL-SOTs are mainly considered to result from the bulk SHE, therefore in the SHE scenario DL is expected to scale with the spin Hall angle SH of SO materials. Recent reports have found an enhancement in DL by increasing the resistivity of the SO materials (ρN) through either oxygen doping 20 or incorporation of scattering sites by defects or disorder. 21, 22 This can be well understood by an intrinsic or a side-jump contribution to the bulk SHE. 3 On the other hand, interfacial SOC such as the REE could also be an additional source for the DL-SOTs, as proposed in recent theories 23, 24 and suggested by experiments. 25, 20, 26 
Sample preparations
Multilayer thin films of Pt(tN)/Co(tF)/Al-O(2) with thicknesses tN  0.2-10 nm and tF  2.5-10.2 nm were deposited onto Al2O3 (0001) and Si/SiO2 substrates at room temperature (RT) using magnetron sputtering facility with base pressure better than 2×10 7 Pa to fabricate epi-and poly-samples, respectively. Poly-samples are mainly used as control samples to compare with previous SOT studies. Reflection high-energy electron diffraction (RHEED) patterns and X-ray diffraction (XRD) results confirm epitaxial growth of Pt/Co bilayers upon Al2O3 (0001) substrate ( Fig. 1 (a) and (b)). The average roughness (Ra) of the Pt/Co interface for epi-samples is determined to be below 0.1 nm from the X-ray reflectivity measurement ( Fig. 1 (c) ), demonstrating interfacial flatness at the atomic scale. In contrast, Ra for poly-Pt/Co interface is above 0.3 nm. More details about thin film deposition and device fabrication are described in Methods.
Spin-Hall Rashba-Edelstein magnetoresistance in epitaxial Pt/Co bilayers
As an electrical current flows through the SO/FM bilayers, the longitudinal resistance (Rxx) has been found to change with respect to the FM layer magnetization orientation. Such a resistance change, known as the spin Hall magnetoresistance (SMR), 11, 27, 28 is related to spin transport across the interface, i.e. transmission and/or reflection of spin current generated in the SO layer. The magnitude of the SMR ratio scales with the square of the SH and depends on the ratio of thickness to the spin diffusion length of the SO material. In this study, the definition of the coordinate system is shown in Fig. 2 [32] [33] [34] suggesting that the SMR model is applicable to spin transport in poly-samples. For epi-samples, surprisingly, a large SH of 0.33 and an extremely short sf of 0.35 nm is obtained from the fitting of Fig. 2 (g). Such an abnormally short sf strongly suggest that the SMR model, which originates from spin current generation in bulk, is no longer valid for analyzing the MR results of epi-samples: firstly, N for epi-Pt is lower compared to poly-films ( Fig. 2 (h) ). It follows from the Elliot-Yafet (EY) spin relaxation mechanism 35, 36 that sf scales with 1/ N in metallic films such as Pt. 22 Therefore, epi-Pt is expected to have longer sf and a SMR peak position at larger tN (e.g. > 2.5 nm in Fig. 2 (f)) compared to the poly-samples in the SMR model. However, this is not the case for the results of epi-samples. Consequently, one has to consider the D'yakonov-Perel' (DP) mechanism 1 rather than the EY mechanism (SMR model) that results in an extremely small sf . Such a small sf is not consistent with any reports so far 10, 22, 33 and is therefore very unlikely. Note that an earlier work 37 in our group has demonstrated that the DP mechanism is dominant in epi-Pt grown on MgO (111) substrates and its origin lies in the interface Rashba SOC. Secondly, the T dependence of the MR ( Fig. 2 (g) ) shows almost no peak shift in the whole T range, though N decreases by half as T decreases from 300 K to 4.2 K. According to the EY mechanism, there should be a 2-time difference in the values of sf between 300 K and 4.2 K, which causes a shift in the SMR peak (e.g. more than 1 nm) for epi-samples in the SMR model. That, again, is contradictory to what we observe in Fig. 2 (g). We therefore conclude that SHE due to the EY mechanism in Pt is not a dominant mechanism for spin current generation in our epi-samples. Instead, we consider the REE and its inverse effect, 26, 38 which accomplishes the charge-to-spin current inter-conversion at Pt/Co interfaces, 39 to be the dominant origin for the MR in epi-samples, which we term it REMR hereafter (following Ref. 26 ).
In order to analyze the tN dependence of the REMR, a drift-diffusion model is developed by incorporating an Edelstein contribution e( IEÊ× ) of spin accumulation 40, 41 into the SMR theory 11, 27, 28 . The hybrid MR including both REE and SHE reads:
where IEE has a unit of length that characterizes the distance of the spin-momentum locking, 14, 16 2 is the thickness of the RE region, ↑↓ is the spin mixing conductance at the Pt/Co interface, 42 and 
where dp is the spin dephasing length in Co, yielding a large IEE of a few nanometers (2.5 nm at 300 K and 5.3 nm at 4.2 K), which is about one order of magnitude greater than that in heavy metals (e.g. 0.2 nm for Pt and 0.43 nm for W), 16 and is comparable to that of an earlier study for the LaAlO3/SrTiO3 2DES, 16 demonstrating exceptionally efficient interfacial charge-to-spin conversion. Moreover, the Rashba parameter ( R ) is extracted from the relation R = ℏ IEE / p , where p is the momentum scattering time. Assuming a carrier density of 10 28 m 3 in Pt, we obtain a T-independent value of R in the order of 10 10 eVm (Fig. 4) , providing a low bound of the Rashba SOC strength.
Spin torque ferromagnetic resonance measurement
From the REMR analysis, a large IEE of a few nanometers is obtained, suggesting efficient charge-to-spin current conversion originated from the Rashba SOC. In this section we study its influence on the SOTs by performing the spin torque ferromagnetic resonance (ST-FMR) measurement, 10 i.e. to quantitatively investigate the DL and FL in our samples. Figure 5 shows the experimental set-up with an external magnetic field (Hext) applied at 45º to the micro-strip and a RF microwave current applied to the ST-FMR devices with a conventional bias tee configuration.
The output Vmix is the d.c. voltage from mixing the RF current and the resultant oscillating device resistance via the oscillating anisotropic MR, and is expressed as follows:
where k is a constant, ΔH is the half linewidth of the resonance spectrum, HR is the resonance field, S and A are the symmetric and anti-symmetric component of the ST-FMR resonance.
Typical ST-FMR spectra and the their fitting curves using Eq. However, when there exists considerable FL-SOTs in the system, they contribute to the antisymmetric component (A) of the ST-FMR signal, thus resulting in incorrect estimation of both DL-and FL-SOTs. 34 To separate the contributions of DL-and FL-SOTs to the overall SOTs and obtain the intrinsic DL and FL , we performed the ST-FMR measurement for epi-and polysamples with varying tF from 2.5 to 10 nm (tN is fixed to be 10 nm). Typical ST-FMR spectra with different tF for poly-and epi-samples are shown in Fig. 6 (a) and (b), respectively. Both DL and FL can be quantitatively determined using the following equation:
where DL and FL are determined from the y-axis intercept and slope of the 1/ ST − 1/ F linear fit, as shown in Fig. 6 (d) . Note that as the F increases to more than 5 nm, the ST starts to deviate from the linear fitting, this is likely due to a phase change in Co, which was reported previously. 34 As a result, the average DL and FL for poly-samples turn out to be 0. 16 we estimate that in epi-samples, DL induced from the SHE ranges from 0.13 to 0.19 by taking a int from 0.65 to 1, with the averaging value to be 0.16. Thus, even by assuming a int close to unity at epi-Pt/Co interface, the DL originated from SHE alone is still much smaller (about half) than the value obtained from the ST-FMR measurement. Consequently, we conclude that the SHE cannot be the mechanism that accounts for the 2 times enhancement in DL for epi-samples compared to that of poly-ones, meaning that the other critical mechanism in SO system, i.e. the Rashba effect, must play a critical role in changing the overall DL-SOTs in epi-samples. Actually, such a DL-SOT generated by the Rashba SOC has been proposed in earlier theoretical works, 23, 24 and been investigated lately. 40, 41 The coupling of Rashba field and the s-d exchange field acts as the key to generating such a Rashba-induced DL-SOT.
23,24,40

Conclusions
Our results provide two highlights associated with the Rashba SOC: firstly, with a welldefined Pt/Co interface in epi-samples with favorable interlayer flatness, an exceptionally large IEE of a few nanometers is extracted from a detailed MR analysis with the origin of REE, demonstrating strikingly efficient interfacial charge-to-spin conversion that originates from the large Rashba SOC; the obtained IEE in epi-samples is about one order of magnitude larger than poly-samples, quantitatively consistent with an anomalous tenfold increase in the FL compared to poly-samples; secondly, the twofold increase of DL in epi-samples is attributed not to the bulk SHE mechanism, but probably to the Rashba SOC at Pt/Co interface. For the first point, the extracted IEE is self-explanatory in the sense that a T-independent R in the order of 10 -10 eV m is derived from it which is consistent with previous spin-resolved photoemission experiments and first-principles calculations, 50,51 indicating that R is only associated with the electronic band property and not affected by external T. As for the striking tenfold increase in the FL for episamples that suggests much enhanced Rashba SOC, one possible explanation is that a flat interface free from defects such as grain boundaries can change the transport properties 52 and induce larger band splitting. 14 For the second point, our work demonstrates a significant control of SOTs by the Rashba SOC in HM/FM bilayers, highlighting the unique role of REE in manipulating the SOTs that conventional SHE fails to capture. Our results suggest that both DLand FL-SOTs can be significantly modulated by interface modification even without a drastic increase in the material resistivity such as by oxygen incorporation. 20, 25, 53 From this standpoint, such a method towards the SOT engineering might find its compatibility to electronics integration in view of lower impedance and power consumption. 
Methods
Sample fabrication.
Epitaxial Pt/Co bilayers were deposited onto Al2O3(0001) substrates at room temperature (RT) using ultrahigh vacuum rf sputtering facility with a base pressure better than 2×10 -7 
Electrical measurement
MR measurements were performed using physical property measurement system with a 360º rotator, the current applied to the Hall bars varies from 0.1-1.0 mA; ST-FMR measurements were performed by injecting a radio-frequency (rf) current into the sample micro-strip by signal generator E8257D (Agilent technologies) and by applying an external field at 45 deg to the strip for detecting the signal. The voltages were detected by means of lock-in amplifier using SR830
(Stanford) with an amplitude modulation of the rf current for a reference signal. 
Supplementary Note 2. FIELD-ANGULAR DEPENDENCE OF ST-FMR SIGNAL
In order to evaluate the effect of spin pumping et al. on the ST-FMR signal, we measure the ST-FMR spectra by varying the direction of external magnetic field for sample with film structure of epi-Pt(10)/Co(10.2). The symmetric and anti-symmetric components of the signal were extracted for each field angle as plotted in Fig. S2 (a) and (b) . The symmetric component is fitted with a sum of four phenomenological terms: 2 cos sin 2 (blue), sin sin 2 (pink), sin 2 (green) and sin (orange) that represent respectively the main DL torque in y direction, a FL torque in x direction, a FL torque in z direction and the torque arising from spin pumping effects; the anti-symmetric component is fitted with 3 terms: cos sin 2 (blue), sin sin 2 (pink), sin 2 (green) and that represent respectively the main FL torque in y direction, a DL torque in x direction, a DL torque in z direction. From the analysis it is found that the signals arising from spin pumping and other extrinsic effect (e.g. waveguide contact issue) are less than 5% of the genuine signal that we obtained. Therefore, we conclude that those parasitic effects are negligible for our ST-FMR analysis.
Supplementary Note 3. QUANTITATIVE ESTIMATION OF REE CONTRIBUTION IN
POLY-SAMPLES
The REE effect in poly-samples is quantitatively estimated using Eq. 2 shown in the main context. The stacking structure of the sample is Pt(tN)/Co(3). Here the EY spin relaxation mechanism is assumed ( Fig. S3 (a) ), same as that for epi-samples. To perform the fitting, a constant dR of 0.6 nm is assumed independent of T, as suggested from epi-results. The T dependent MR data can be well-fitted as shown in Fig. S3 (b) . The extracted λIEE and θSH are shown in Fig. S3 (c) : the λIEE increases as decreasing T, showing same tendency as that in episamples, while its amplitude is roughly one order of magnitude lower ( Fig. S3 (d) ), suggesting significantly reduced interfacial charge-to-spin conversion efficiency in poly-samples; the extracted θSH decreases with decreasing T, and follows the intrinsic/side-jump spin Hall mechanism (the inset of Fig. S3 (c) ), consistent with previous reports.
Supplementary Note 4. DERIVATION OF THE SPIN-HALL RASHBA-EDELSTEIN
MAGNETORESISTANCE
The system for drift-diffusion modeling in this work is shown in Fig. S4 . The RashbaEdelstein (RE) region with a thickness d2 is sandwiched by the ferromagnetic layer (F) with a thickness of dF and non-magnetic layer (N) with a thickness of dN. By adding an Edelstein contribution e( IEÊ× ) of spin accumulation 4, 5 into the SMR theory [6] [7] [8] , the spin accumulation in N reads: 
where N is the spin diffusion length in N, e is the electron charge, λIEE is the inverse Edelstein length and E is the external electric field. The spin current in region N1 and N2 reads: 
where the spin mixing conductance ↑↓ = ↑↓ ′ + ↑↓ " . Solving Eq. (1), (2) and (3), the overall MR due to both SHE and REE reads: 
